We demonstrate ambipolar charge transport in organic field-effect transistors based on the solution processible methanofullerene ͓6,6͔-phenyl-C 71 -butyric acid methyl ester ͓͑70͔PCBM͒. The electron mobility measured in the linear and saturated regimes is approximately equal and of the order of 1 ϫ 10 −3 cm 2 / V s. In the linear regime, mobility is thermally activated with a strong gate bias dependence. The p-channel hole mobility is lower with a maximum value of 2 ϫ 10 −5 cm 2 / V s. The n-and p-channel operations are characterized by a low ͑ϳ͉3͉ V͒ and a high ͑ϳ͉50͉ V͒ switch-on voltage, respectively, with the on-off current ratio on the order of 10 4 for both channels. Although the present findings are qualitatively similar to those reported previously for C 60 -methanofullerene-based transistors, ͓70͔PCBM devices are more stable and easier to reproduce. By making use of this property we are able to demonstrate functional unipolar and complementarylike logic circuits with promising operating characteristics.
I. INTRODUCTION
In recent years organic field-effect transistors ͑OFETs͒ are receiving much attention as possible alternatives to inorganic devices in a range of low-end electronic applications. [1] [2] [3] [4] [5] Over the past ten years, progress in OFETs is driven by the improvement in the charge-carrier mobility 4 and by scaling of lateral dimensions. 6 In particular, the discovery and development of high mobility organic semiconductors has been proven to be invaluable for fabrication of organic circuits suitable for low-end device applications. 5, [7] [8] [9] [10] [11] Most of these organic semiconductors are p-channel materials [1] [2] [3] [4] [5] [6] [7] 9, 10 with maximum mobility of 15 cm 2 /V s ͑Ref. 12͒ and only a small fraction is found to function as n-channel semiconductors. 4, 8, 11, 13, 14 Apart from their use in unipolar circuits, n-channel transistors are important because when combined with their p-channel counterparts they can form the basis of complementary integrated circuits similar to those found in contemporary silicon solid-state electronics.
Fullerenes and, in particular, C 60 , C 70 , C 59 N, Dy-C 82 , La 2 -C 80 , and C 84 ͑Refs. 14-19͒ are among the known n-type organic semiconductors with C 60 exhibiting the highest mobility of ϳ0.5 cm 2 /V s. 20 Although fullerenes are known to be very sensitive to oxygen, [14] [15] [16] [17] [18] [19] recent work has demonstrated that C 60 OFETs can be efficiently passivated. 21 This makes fullerenes strong candidates for use in future organic-based electronic circuits. 11 Recently, fabrication of organic transistors based on the solution processible methanofullerene ͓6,6͔-phenyl-C 61 -butyric acid methyl ester ͓͑60͔PCBM͒ has been reported. [22] [23] [24] Methanofullerenes possess an advantage over pristine fullerenes. Although their electronic properties are similar to those of unsubstituted fullerenes, i.e., they are characterized by relatively high electron mobility ͓1 ϫ 10 −2 -2ϫ 10 −1 cm 2 /V s ͑Refs. 22-24͒ compared to 5 ϫ 10 −1 cm 2 / V s for pristine C 60 ͑Ref. 20͔͒, their intermolecular interactions, as well as the processing properties ͑solubility, etc.͒, can be tailored accordingly by the type of substitution on the periphery of the carbon cage. Additionally the ͓60͔PCBM derivative was found to exhibit ambipolar charge transport characteristics, i.e., selective or simultaneous transport of electrons and/or holes. 23 As a result the operation of a ͓60͔PCBM-based complementarylike inverter, the building block of logic circuits, was demonstrated. 25 Despite these promising preliminary results, however, no higher methanofullerene analogues have yet being studied as potential electroactive materials in organic transistors. Here, we extend our previous studies and we report on field-effect transistors based on the solution processible methanofullerene ͓6,6͔-phenyl-C 71 -butyric acid methyl ester ͓͑70͔PCBM͒. The latter is a higher analogue of ͓60͔PCBM and its synthesis was performed in an analogous procedure. 26, 27 In particular, we show that bottom contact ͓70͔PCBM transistors exhibit n-and p-channel characteristics, qualitatively similar to those reported for ͓60͔PCBM devices. 23 We note, however, that preparation of ͓70͔PCBM transistors is much easier than ͓60͔PCBM-based devices and exhibit high reproducibility. Due to this easy to fabricate nature of ͓70͔PCBM transistors we are able to demonstrate unipolar ring oscillators as well as complementarylike voltage inverters. The present findings are interesting not only for their potential in technological applications but also for the fundamental understanding of methanofullerenes.
II. EXPERIMENTAL DETAILS
Discrete OFETs ͓Fig. 1͑a͔͒ were made using heavily doped p-type Si wafers as the back gate electrode with a 200-nm thermally oxidized SiO 2 layer as the gate dielectric. Using conventional photolithography, gold source and drain electrodes were defined with channel length and width in the range of 1.5-40 m and 1 -20 mm, respectively. A 10-nm layer of titanium was used as an adhesion layer for the gold on the SiO 2 . The SiO 2 layer was treated with the primer hexamethyldisilazane prior to semiconductor deposition. The detailed fabrication process of integrated circuits is described elsewhere. 5 In brief, gate electrodes and first-level interconnect lines were made by patterning gold using standard photolithography techniques. The gate dielectric was a 300-nm-thick photoimageable polymer, which was spin cast and subsequently exposed to ultraviolet light to define contact holes. Source and drain electrodes and second-level interconnects were defined in the second gold layer ͓Fig. 1͑b͔͒. Semiconductor films were drop cast from a 10-mg/ ml solution of ͓70͔PCBM in chlorobenzene with the substrate maintained at 60°C. All devices were annealed in vacuum ͑10 −5 mbar͒ at 115°C for several hours prior to characterization. Electrical measurements were performed using an HP 4156B semiconductor parameter analyzer with the sample maintained at 40°C in vacuum ͑10 −5 mbar͒.
III. RESULTS AND DISCUSSION
A. Charge transport in †70 ‡PCBM transistors Figure 1͑a͒ shows the schematic cross section of the discrete OFETs employed. The molecular structure of ͓70͔PCBM is shown in Fig. 1͑c͒ and represents the main isomer among a mixture of isomeric methanofullerenes present in our material. 27 Although ͓70͔PCBM resembles ͓60͔PCBM, their electronic properties are expected to be different. For instance, in the case of unsubstituted C 70 , the molecule is slightly larger in diameter than C 60 leading to smaller electron-electron repulsion energy. 28 Moreover, pristine C 70 is known to have a slightly lower ionization potential than C 60 by approximately 100 mV. 29 For organic electronic devices and, in particular, transistors, this relatively small difference may have a large impact on the carrier injection efficiency. Figure 2͑a͒ shows the n-channel transfer characteristics for a ͓70͔PCBM transistor ͓Fig. 1͑a͔͒ with channel length L and width W of 7.5 m and 10 mm, respectively. The device exhibits a low switch-on voltage ͑V SO ͒ even after a relatively short annealing period of 2 h at 115°C in vacuum without any significant hysteresis. We note that for ͓60͔PCBM transistors heat treatment is a much lengthier process requiring annealing times in excess of 20 h. This difficulty in reproducing reliable ͓60͔PCBM transistor is a limiting factor for their use in practical electronic applications.
Upon exposure of the ͓70͔PCBM transistor to air degradation in the device performance is observed. In particular, the drain current, at V D = V G = 50 V, is reduced by more than two orders of magnitude within the first 5 min of exposure while the threshold voltage increases to Ͼ20 V. Degrada-FIG. 1. ͑a͒ Device structure of discrete OFET with symmetric gold electrodes and SiO 2 as the gate dielectric. ͑b͒ OFET structure employed for the fabrication of the seven-stage ring oscillator. ͑c͒ Molecular structure of ͓70͔PCBM.
FIG. 2. ͑a͒
Transfer characteristics of a discrete ͓70͔PCBM transistor with L = 7.5 m and W =10 mm in the n-channel regime. ͑b͒ Output characteristics of the same device.
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Anthopoulos et al. J. Appl. Phys. 98, 054503 ͑2005͒ tion, however, for ͓70͔PCBM is less rapid than in the case of ͓60͔PCBM ͑Ref. 23͒ where the field effect was found to completely vanish within the first few minutes of device exposure to atmospheric air. The charge-carrier mobility was measured in the linear and saturation regimes using the local approximation method. 30 In the linear regime ͑V D → 0͒ the carrier mobility is calculated from
where C i is the geometric capacitance of the dielectric. Using Eq. ͑1͒ together with the data of Fig. 2͑a͒ , for V D =3 V, a maximum mobility of 1 ϫ 10 −3 cm 2 / V s is calculated. In the saturation regime the mobility was calculated from
together with the data of Fig. 2͑a͒ , for V D = 50 V, yields a maximum saturated field-effect mobility of 2 ϫ 10 −3 cm 2 / V s. In spite this relatively low value we establish that ͓70͔PCBM transistors can be fabricated very reliably with a small parameter spread ͑mobility, threshold voltage, etc.͒ This has very important consequences on circuit design.
The electron mobility value in ͓70͔PCBM is typically lower than the value reported for transistors based on ͓60͔PCBM by one order of magnitude. 23 A plausible explanation could be that such difference is attributed to intrinsic differences in the electronic properties of the two methanofullerenes and particularly the C 60 and C 70 carbon cages. 29 For instance, the electronic structure of pristine C 60 is known to be isotropic with the lowest unoccupied molecular orbital ͑LUMO͒ level delocalized over the whole molecule. 31 The electronic structure of C 70 on the other hand is different with the LUMO having nodes at 30 of the 70 carbon atoms. 15 Hence, intermolecular interactions ͑intermolecular overlap of LUMOs in this particular case͒ will be reduced leading to a less developed dispersion in the conduction band. We stress, however, that quantitative comparison between pristine fullerenes and methanofullerenes should be avoided due to symmetry differences between the two but also due to the presence of a mixture of isomeric methanofullerenes in the case of ͓70͔PCBM. We must also bear in mind that charge transport in spin-coated films of methanofullerenes is possibly dominated by disorder. Therefore, observed differences in the carrier mobility between the various systems may well be attributed to fabrication-related defects rather than the electronic structure of the molecules in question.
The relatively low n-channel on-off current ratio of 10 4 ͑defined as the ratio of I D at maximum V G over I D at V G = V SO ͒ in ͓70͔PCBM transistors ͓Fig. 2͑a͔͒ might be due to differences in the energy gap of C 70 ͑Ref. 29͒ and/or unintentional doping of ͓70͔PCBM induced either during device preparation or material synthesis. Figure 2͑b͒ shows the typical output voltage characteristics of the ͓70͔PCBM transistor. At V G Ͼ 0 V strong electron-accumulation behavior is observed. In particular, for low V D a linear operating regime is evident followed by a saturation region. A very important feature of these characteristics is that no significant hysteresis is observed. In order to obtain more insights into the electrontransport process in ͓70͔PCBM transistors, we studied the operating characteristics as a function of temperature in the range of 180-360 K. The linear mobility was measured with V D = 3 V at gate bias of 30 V at stabilized temperatures using Eq. ͑1͒. These results are shown in Fig. 3͑a͒ where the electron mobility ͑ e ͒ is plotted as a function of the inverse temperature ͑1000/ T͒. The data are consistent with an Arrhenius-type behavior ͑ e ϰ exp͓−E A / kT͔͒ with activation energy E A = 210 meV. The measured value of E A is possibly associated either with the thermally activated hopping transport of charges between localized states and/or to a thermally activated injection barrier at the gold/semiconductor interface. To investigate this we have measured the E A as a function of V G . These results are shown in Fig. 3͑b͒ . The significance of this plot is that the activation energy decreases with increasing gate voltage reaching a plateau at high V G . Although this type of behavior is qualitatively consistent with the predictions of the percolative variable range hopping theory, 32 fitting of the experimental data in different temperatures and gate bias regimes becomes problematic due to the presence of a contact barrier that is not taken into account. In a try to elucidate the exact mechanism we have calculated the contact resistance R C ͑source+ drain resistance͒ in our devices using the transistor scaling method. To do so we first calculated the total device resistance ͑R ON ͒, in the linear operating regime
where R CH is the channel resistance͒ and plotted it against the channel length. 23, 33 From the intercept of the ex- trapolated characteristics at L =0 m with the y axis the value for R C can be obtained at different gate biases, whereas from the slope of the characteristic the value for R CH per unit channel length is obtained. Figure 4͑a͒ shows the obtained results where the calculated R C is plotted as a function of V G . From this figure it is evident that R C reduces as the gate bias increases. Interestingly, R C appears to dominate the device operation for V G Ͻ 25 V ͓Fig. 4͑b͔͒ where R C becomes larger than R CH . Under these conditions we conclude that the description of our devices based solely on the variable-rangehopping ͑VRH͒ model, at least for V G Ͻ 30 V, is inaccurate and further work is needed in order to elucidate the exact physical mechanism responsible for this effect. The recent discovery of ambipolar transport in ͓60͔PCBM transistors 23 prompted us to investigate the p-channel activity in ͓70͔PCBM transistors. Figure 5͑a͒ shows the transfer characteristics for a transistor ͑L = 7.5 m, W =10 mm͒ at negative drain and gate biases. The hysteresis in these curves is found to be very significant and highly dependent upon the experimental conditions, i.e., background pressure and temperature. Nevertheless, typical operating characteristics reveal hole accumulation for ͉V G ͉ Ͼ 50 V with the on-off current ratio in the order 10 4 . The large current measured for gate bias close to zero is due to electron flow. 23, [34] [35] [36] The large value of V SO is explained conventionally by the presence of a significant density of traps at the insulator/semiconductor interface and the large potential barrier for hole injection. Because of this injection barrier we were unable to accurately determine the hole mobility in the linear operating regime. Moreover, we find that short channel devices exhibit lower V SO as compared to longer channel devices. A possible reason for this observation might be the creation of trap states at the grain boundaries of the semiconductor film upon annealing. The saturated field-effect mobility for holes, measured at V D = −50 V, is 2 ϫ 10 −5 cm 2 /V s. This value is lower by more than two orders of magnitude when compared with the hole mobility in ͓60͔PCBM transistors. 23 Figure 5͑b͒ shows the output voltage characteristics in p-channel operation. When the gate voltage ͉V G ͉ Ͼ 80 V strong hole accumulation is observed. This behavior originates from holes being injected from the gold into the highest occupied molecular orbital ͑HOMO͒ of ͓70͔PCBM and transported across the channel. As V D increases further a pronounced nonlinear increase in the I D is observed without any signs of saturation. This nonlinear increase is due to electron injection from the drain contact. 23, 34 The same is valid for all curves with ͉V G ͉ Ͼ 0 V although it is not visible due to the scale of the graph. Finally, for the V G = 0 V curve the measured current is entirely due to electron flow as depicted from Fig. 5͑a͒ .
B. Logic circuits based on †70 ‡PCBM transistors
We also examined the possibility of using ͓70͔PCBM transistors as the building blocks in integrated circuits. We first fabricated unipolar ͑n-type͒ ring oscillators. Because of the switching characteristics of ͓70͔PCBM transistors ͑i.e., cutoff at V G = ϳ 0 V͒ our design is based on the diodeconnected load logic. 37 The schematic cross section of the individual OFETs employed for the construction of these circuits is shown in Fig. 1͑b͒ , while the inverter and ring oscillator circuits are shown in Figs. 6͑a͒ and 6͑b͒, respectively. The output of the last inverter ͑V OUT ͒ is fed back to the input of the first ͑V IN ͒. Hence the circuit oscillates only when an odd number of inverting stages is employed.
In the present work we characterized several sevenstage-ring oscillators ͓Fig. 6͑b͔͒ under different biasing conditions at room temperature. Our faster oscillator circuit is constructed employing a design rule of 1.5 m ͑Ref. 37͒ with driver, load, and buffer transistor widths of 2000, 250, and 5000 m, respectively. Frequency measurements were performed by measuring the current flowing through a buffer transistor whose gate was driven by the oscillator output using an oscilloscope with 1 M⍀ input impedance. The maximum oscillation frequency ͑f OSC ͒ measured was 2.1 kHz ͓Fig. 6͑c͔͒ at V DD = + 130 V. The signal propagation delay per stage ͑͒ was then calculated using the relation = ͑2nf OSC ͒ −1 , where n is the number of inverting stages ͑n =7͒, yielding 34 s. This value is comparable with previously published data on p-channel ring oscillators. [38] [39] [40] By taking advantage of the ambipolar nature of ͓70͔PCBM transistors, we were also able to fabricate complementarylike inverters comprised of two ambipolar OFETs. Figure 7͑a͒ shows the inverter schematic, while Figs. 7͑b͒ and 7͑c͒ show the transfer characteristics of the inverter operating in the first and the third quadrant, respectively. The transistor dimensions are L =15 m, W = 20 mm for "OFET 1" and L =20 m, W = 20 mm for "OFET 2." As can be seen the inverter exhibits good inversion characteristics in both quadrants with a maximum gain ͑gain= ‫ץ‬V OUT / ‫ץ‬V IN ͒ of approximately 6. The inefficient pull up and pull down in the voltage transfer curves, observed in both quadrants, are due to the dual operating nature of ambipolar transistors. 25, 34 
IV. CONCLUSIONS
We have shown that organic transistors based on the solution processible methanofullerene ͓70͔PCBM exhibit promising ambipolar charge transport characteristics. To demonstrate the versatility of these transistors we fabricated unipolar ring oscillators and complementarylike inverters. For our fastest n-type ring oscillators a signal propagation delay of 34 m/stage was measured corresponding to an oscillation frequency of 2.1 kHz. For the complementarylike voltage inverters a gain of approximately 6 was measured. The advantage of the complementarylike approach demonstrated here over fully complementary logic is the fact that no sequential deposition of a p-and an n-channel material is necessary. Instead a single ambipolar semiconductor, which in this particular case can be processed from solution, is required. This approach allows the realization of logic circuits with good noise immunity, a major bottleneck in the today's state-of-the-art unipolar organic circuits. 
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